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CHAPTER I 
INTRODUCTION 
A Brief Review of the Knudsen 
Eff"Usion Method 
Vapor pressure data are extremely valuable in calculating 
thermodynamic functions for high-temperature vaporizl;'l.tion and 
dissociation prooessesQ The Knudsen effusion method (16) is 
one of the most useful and widely employed techniques for deter-
mining pressures from 10.,.1 to 10""6 Torr .. In this method the 
~apor pressure is calculated from the weight of vapor effusing 
through an orifice of known length and cross-sectional area 
in unit time at a known temperature~ For the method to be ap-
plicable, conditions of mo;Lecular fl,ow of the gaseous species 
through the orifice must prevailo This condition exists when 
the molecular mean free pa,th is so large in comparison to the 
dimensions of the orifice that molecular collisions within the 
orifice rarely occuro A discussion of the Knudsen method and 
some of its varied applications is given by Margrave (17)., 
Knudsen, in his effusion studies (16), derived what is often 
called the "ideal Knudsen equation'' in which the vapor pressure 
is related to the aforementioned quantities by 
1 
P :::: (g/at) (21rRT/M)2 (1) 
where~ is the weight of vapor effusing in time tat an ab-
1 
solute temperature T, and R is the gas constant,~ the cross-
sectional area of t he orifice, and M the molecular weight of 
the effusing species. The assumption is made here that the 
orifice is "ideal", or has infinitesimal lengtho 
2 
A major difficulty encountered in the application of 
Knudsen's ideal effusion equation to experimental systems a-
rises from the necessity of using orifices of finite length 
rather than ideal orifices for which the equation is valido 
Theoretical corrections factors for non-ideal cylindrical 
orifices have been derived by Clausing (6) through application 
of the classical kinetic theory of gase?o These Clausing fac-
tors (more descriptively referred to as transmission probabil-
ities or transmission coefficients) depend only on the ratio of 
the length (L) of the orifice to its diameter (D), and express 
the probability that a particle, having entered one end of the 
cylindrical orifice, will leave through the other endo 
Demarcus (7) has also discussed the derivation of transmission 
probabilities for cylindrical orifices; his initial assumptions 
are essentially those of Clausing but he obtains a more rigor-
ous mathematical solution for the integral equations which ariseo 
It has sometimes been assumed (3,18) that the ideal orifice 
can be closely approximated in actual practice by certain con-
ical, or tapered, orificeso The theoretical derivation of 
transmission probabilities for conical orifices, of which cyli n-
drical orifices are a special case, has been treated by Balson 
(2) , and more recently and more rigorously by Edwards (8) and 
by Iczkowsky, Margrave and Robinson (15)o 
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When these correction factors are applied to Equation (1), 
it becomes 
P = (g/Wat )(2 rrRT/M)t (2) 
where Wis the transmission probability and the other symbols 
retain their previous meaning. Freeman (10) has given an elu-
cidation of Equation (2) and other equations relevant to the 
measurement of vapor pressures by effusion techniqueso 
The preceding discussion of molecular flow through non-
ideal orifices and its application to vapor pressure measure-
ments is not intended to be a complete review of available in-
formation on the subject. For a more thorough summary of per-
tinent theories and experiments the reader is referred to the 
discussion of Adams (1) and Carlson (4), in addition to that 
by Freeman (10) 11 
The Problem 
Though the theoretical transmission probabilities which 
have been calculated from the model of Clausing are widely 
used to correct for the non-ideality of orifices used in effu-
sion experiments~ their accuracy has never been demonstrated 
sufficiently well by experiment. Experimental verification or 
refutation of these correction factors is desirable since it is 
not known how well they describe the actual behavior of the 
effusing species nor how large an error they introduce into 
effusion measurements. 
This research was originally designed to study several 
associated problems: 
(1) to investigate the agreement between theoretical and 
experimental transmission probabilities over a wide 
range of length to diameter (1/D) ratios, first for 
cylindrical orifices and then for conical orificeso 
4 
(2) to determine the upper pressure limit for the exist-
ence of molecular flow, and hence, the source pressure 
above which the Knudsen method is not applicable with 
the desired accuracy, 
(3) to determine whether the transmission probability is 
dependent on the source pressure in the region of 
molecular flow as has been suggested by Adams (l)o 
As will be discussed in Chapter III, only the first of 
these problems was investigated, and this one only for cylin-
drical orificeso 
The Multicell Approach 
The experimental approach in this test of Clausing 1 s 
theory will be referred to as the "multicell approach 11 o A de-
lineation of this approach followso 
Suppose we have a number of effusion cells, all made of the 
si3.me material and constructed to be identical in every respect 
except that the orifice lengths differ from each other. These 
cells are then charged with equal amounts of the same substance 
and simultaneously heated for the same length of time at the 
same temperatureci The weight of vapor which effuses from the 
ith cell during a run, as determined by weighing the cell before 
and after heating, is gi V\:;ln by Equation (2) as 
(3) 
The weigbt loss for any other cell, say the kth cell~ will be 
(4) 
But under the conditions dictated by the experiment, Pi= Pk 9 
a1 = ak, ti :;: tk~ M1 :;: ~~ and T1 = Tk~ Equations (3) and (4) 
therefore reduce to 
( 5) 
Now if one of the cells is arbitrarily chosen to be the refer-
ence cell, designated by subscript~' the ratios of the w~ight 
loss of each cell to that of the reference cell 9 gi/gr' can be 
calculated, and from Equation (5) 
gi/gr = Wi/Wrr (6) 
For a given refe+ence cell~ the values of the ratio (g1/gr) 
for the various cells depend only on w1 , and hence only on 
(L/D) 1 , for the various orificeso Therefore, if the ratios 
(gi/gr) are plotted against some su:).table function of (L/D)19 
designated for the moment by f(L/P)i, and extrapolated to 
LID= o, one may write 9 from Equation (6), 
(gi/gr)o = (Wi/Wr)o (7) 
where the suoscript zero designates the value of the quantity 
when L/D ~ Oo But 1/D = 0 corresponds to the ideal orifice for 
which w1 = l; therefore 9 
(8) 
In other words, the value obtained by extrapolating a plot of 
(g1/gr) versus f(L/D) 1 to 1/D = 0 is just the reciprocal of the 
tran~rnnss:Lon probability of the orifice in the reference cell., 
6 
With this experimental value of Wr, the experimental trans-
mission probability for each of the other cells is calculated 
from Equatio~ (6) by 
Wi = Wr(gi/gr) 0 
The function of (1/D)i de emed most suitable to use in this 
plot of (gi/gr) versus f(L/D)i is Wi(th)' the theoretical trans-
mission probability calculated from the orifice dimensionso The 
choice of f(L/D)i = Wi(th) results in a bounded plot with ab-
scissa values ranging from zero to one; furthermore, if the the-
oretical transmission probabilities predicted by Clausing's 
theory are correct, a plot of (gi/gr) versus Wi(th) would give 
a straight line, which may b~ precisely extrapolated to 
wi(th) = 1 (i.e., L/D = o). 
It may also be noted that the slope of the straight line 
resulting from such a plot should equal 1/Wr• Thus, if the the-
oretical transmission probabilities are correct, the slope of 
the line which results from plotting (gi/gr) versus Wi(th) will 
have the same value as the intercept of that line at Wi(th) = l o 
However, should this slope and intercept differ, or should 
either or both of them differ from the theoretical value of 
1/Wr' an explanation of the observed behavior could give added 
insight into the limitations of Clausing's theoryo 
An alternate treatment of the data, essentially identical 
to that just described, is employed in this thesiso Here we 
cons i der the constancy, i n a given run, of the ratios of the 
weight loss of each cell t o the transmission probabi lity for 
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that cell as seen by Equation (5): 
gi/Wi = gk/Wk r constant= c- (9) 
When the weight losses (g1 ) are plotted against a suitable func-
tion of (L/D)1 , again chosen to be Wi(th)' a straight line 
should be obtained. If this line is extrapolated to Wi(th) = l~ 
the extrapolated value is (g1 )0 j the weight loss corresponding 
to 1/D;:;: Oo We see from Equat:i,on (9) that 
(gi/Wi)o == c, 
but since 1/D ~ 0 corresponds to the ideal orifice for which 
Wi ~ 1, it is evident that 
(10) 
In other words, a plot of gi versus f(L/D) 1 gives, upon extraF 
polation to L/D c Oja value, (gi) 0 , which is the weight loss 
from a cell with an ideal orifice, This "ideal'' weight loss is 
in turn the proportionality factor between the weight lo~s of 
any given cell and the transmi~sion probability of the orifice 
in that cello 
The experimental transmi$sion probability of each orifice 
is then oalculated from Equations (9) and (10) by 
(11) 
Previou$ Work on the 
Multicell Approach 
Initial d~velopment of the multicell approach was dope in 
this laboratory by Jimmie Go Edwards. The work discussed in 
this thesis is? in essence~ a continuation of Edwards' effortso 
8 
A brief resume of his work will be given here as a prelude to a 
more detailed discussion of this author's research. 
In Edwards' first experiments eight nickel-plated steel ef-
fusion cells were heated simultaneously under vacuumo The cellsj 
which contained anthracene as the evaporant, rested in holes in 
an aluminum block; heating was accomplished with four car-
tridge heaters strategically placed in the block. Unsatisfac-
tory results were attributed to temperature gradients in the 
aluminum block and in the anthracene itselfo When cadmium metal 
was then used as the sample material, the results remained un-
satisfactory. To eliminate the thermal gradients which were 
still present, a new vacuum system was designed and constructed ~ 
and another method of heating was employed. The cells were 
still held in the upper half of the same aluminum block; the 
lower portion which contained the cartridge heaters had been 
removed. The block and attached flange formed the bottom of a 
vacuum chamber which was placed inside a forced-air, constant-
temperature oven. This method of heating produced no detected 
thermal gradients. However, a new problem~ oxidation of the 
cadmium metal samples~ was encountered and it proved to be a 
very persistent one. Consistent result$ were never obtained. 
This is the system which existed when this author began 
work on the problem; except for relatively minor changes made 
at the outset, it is the system used in the present research and 
is described in detail in Chapter IIo 
CHAPTER II 
APPARATUS 
The Vacuum System 
The all..-metal vacuum system (Figo 1) used in this work 
consists of the stainless steel vacuum chamber (A) connected to 
the "tee" (Q.) and a water-cooled baffle (D) by a long stainless 
steel arm (~)o Evacuation of the system is achieved by use of 
a Consolidateo. Vc;1cuum Corporation type M;CF.,.60 oil diffusion 
pump (E,) backed by a Welch D"uo..-Seal mechanical pump (F) o 
Soldered into a section of ·0.875.-ino diameter copper pipe 
between the;i two pumps is a thermistor (G) which is used in leak 
detection. The leak detector was developed in this laboratory 
and is discussed by Edwards (8)0 
A more detailed description of the components of the vac.,. 
uum system follows. 
The Baffle. The basic design of the Veeco type BAF-200 
baffle was adapted to the existing apparatuso The modified de-
sign is shown in Figure 2o The body~ which is 3 in. high and 
5 in. in diameter~ and the 2.25-ino diameter baffle disk in the 
center are made of brass, while the cooling coils are 0.25=in .. 
copper tubing. In the top plate of the baffle are located an 
0-ring groove and six tapped holes which match the lower flange 
9 
10 
Figure lo Vacuum System 
11 
ooling Coils 
0 
SCALEg 1/2 11 - 1 11 
Figure 2. Water~Cooled Baffle 
l2 
of the "teen .. The bottom plate, which matches the .fl.ange of the 
diffusion pump, also contains six tapped holes but it has no 
0-ring groove. 
The nTee" AssemblyQ The "tee'' assembly (Figo 3), also 
I 
made of brassj consists of a 4-ino length of 2.5~ino diameter 
pipe (A) joined at a right angle to a 2o5-ino length of l.5~in. 
-
diameter pipe (~) o Water circulating through 0~25' ... ino copper 
coils cools the latter armo The flanges (£), (Q) and (E) are 
0,5-inq brass plate; flanges (~) and (~) each have an 0-ring 
groove, .while flange (~) . :ts flat and seats on the 0-ring in the 
baffle. 
Two type A434 Hoke valves ([), one serving as the helium 
inlet to the system and the other as an opening to the atmos-
phere, are joined to the side of the "tee" by short lengths of 
copper tubing, 
Initially, two holes, also on the side, were fitted with 
type CGB192 "Condulet" connectors (G) (Crouse-Hinds Company, 
Syracuse, New York) and were used to introduce the vacuum gauge 
sensing tubes into the system'? In an attempt to eliminate their 
contamination by the effusing cadmium vapor 9 the sensing tubes 
were later positioned in newj similarly fitted holes (fi) cut in 
the Oo25~1no top plateo Finally it was found necessary to move 
the cold cathode discharge tube to the end of an "ell"-shaped 
arm (I) made fl;'om Oo75.,,ino diameter brass tubing and fitted with 
"f"" 
a "Condulet" conneotoro Thj_s multiplicity of holes, though 
neither planned nor needed for the operat~on of the apparatusj 
Figure 3. 11 Tee11 A ssembly 
13 
H 
F 
G 
proved somewhat fortuitous in that it made ~imultaneous cali-
bration of several vacuum gauges quite convenient. 
l.4 
One of the original purposes of the "tee" was to house a 
liquid nitrogen trap, out it was discovered that the decreased 
pumping speed resulting from the trap's geometry more than off-
set the advantages gained by its presenceo Since adequate 
pressures were obtained without it~ the trap was not usedo 
The Vacuum Chamber and Armp The long arm(~ in Figo 1) is 
I 
a 17~ino length of lo38~ino inside diameter type 304 stainless 
steel pipe (schedule 40); it is heli~arq welded at a right angle 
to the top of the vacuum chamber (A). It allows the introduc-
tion of the chamber into the center of the oven (described sub-
sequently) through a slot in the oven dooro It should be noted 
here that all joints of the sys'tiem which were subjected to the 
temperature of the oven are heli~arc welded. 
The chamber itself is constructeq from a 6-ino section of 
60065 inside diameter type 304 stainless steel pipe (schedule 
40)j the top being cut from Oo25-ino plate of the same type of 
steelo 
In Figure l? the vacuum chamber (A) is shown with its bot-
tom plate and o.emountable seal in their final development stageo 
Before this, howeverj when 0-ring seals were attempted, there 
was a Oo~5~1n. type 304 stainless steel flange around the bot-
tom of the chambero A 0q375.-ino aluminum flange, containing an 
0-ring groove and matching the steel flange on the chamber 9 was 
welded to the top of the cylindrical aluminum b,lock which held 
15 
the eight effusion cells; the aluminum block then served as the 
bottom of the chambero With this assembly the seal was made 
using either a silicone-rubber or "Teflon" 0-ringo 
When the 0-ring seal was found to be unsatisfactory, a re-
cent inovation in a11 .. metal demountable vacuum couplings (].2) 
was employedo The construction of this seal was aided by a 
number of helpful comments from Hall (13) who originated this 
sealing technique; henceforth in this thesis it will be referred 
to as the "Hall seal 11 o 
As shown cross~$ectionally in Figure 4j the upper, or fe-
male, member (A) of the Hall seal is welded to the wall(~) of 
the vacuum chamber; the male member (C) is r~movableo Both mem• 
bers are cut from 50761-ino inside diameter type 304 stainless 
steel pipe (schedule 80)o Made from Oo25 .. ino type 304 stainless 
steel sheet, the bottom plate (2) has centered in it a cylin-
drical depression(!), 50520 ino in diameter and 00062 ino deep~ 
in which is placed the aluminum cell holdero The flanges (F)~ 
made of hot rolled steel 9 are Oo56 ino thick with an outside 
diameter of 7088 ino, and are rotatable and completely separate 
from the rest of the seal; their inside diameters were machined 
to give a 00035-ino clearance with the seal memberso This 
clearance compensates for the difference in thermal expansion 
of the hot rolled and stainless steelo 
The metal-to-metal seal is made between two highly pol= 
ished surfaces~ the conical surface of the female member and 
the quarter toroidal surface of the male membero An enlarged 
16 
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SCALE; 1/2" ... 1" 
Figure 4o Hall Seal 
drawing of the sealing surfaces and shoulders (Fig, 5) illus~ 
trates more clearly their geometry and dimenpions, which are 
quite criticalo 
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Though the Hall seal was originally designed to be used 
without gaskets~ it was found necessary to employ themo These 
are flat gaskets~ 60430 ! Oo005~in~ outside diameter and 50770 
! Oo005~ino inside diameter, cut to the indicated tolerances by 
Industrial Gasket and Packing Cooj Inco~ Oklahoma City 9 Okla-
homa9 from 00032-ino OFHC copper sheet supplied by Ao Do Mackay, 
Inc 0 ~ New York~ New Yorko 
In the top of the aluminum cell holder, which is 5o50 in~ 
in diameter and 1.75 in~ high, are cut eight cylindrical wells 
as shown in Figure 60 These wells 2 loO ino deep and lqO in~ in 
diameter 7 are arranged with their centers equidistantly spaced 
on a circle 3o0 in. in diameter and concentric with the top of 
the holder. Eight 0ql25-ino diameter holes form a passage from 
the bottom of each well to the top surface of the holder; the 
cells can be conveniently removed from the wells by simply 
forcing air into these small holes. Four holes, which serve as 
thermocouple wells, were drilled loO ino deep into the side of 
the holder, Oo5 ino from the top. 
The pressure in the system is monitored with a model GV-3RS 
Hastings gauge in the range 760 to 10~3 Torro A CVC cold 
cathode discharge gauge~ type GPH-lOOA, which has been cali-
brated against a type RG-2A Veeco hot-filament ionization gauge 
is emplqyed to monitor pressures from 10=3 to 10-6 Torrq 
18 
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Figure 5. Sealing Surfaces 
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Figure 60 Cell Holder 
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The Effusion Cells 
Figure 7 is an exploded, cross-sectional view of a Knud-
sen effusion cell typical of those used in this experimento 
These cells were fabricated from leaded steel; all components·· 
other than the orifice plates were nickel~plated to prevent 
corrosion~ 
The body (A) of the cell is 0,75 ino high and has an out~ 
side diameter of 190 ino at the baseo This diameter is slight~ 
ly smaller than those of the wells in the aluminum cell holder· 9 
so that the cell fits into the well with a clearance of about 
OoOOl in. The concentric cavity in the cell body is Oo625 in~ 
deep and Oo75 ino in diameter, 
The lid(~), which slips over the neck of the body and 
seats on the shoulder, is Oo50 ino high, making the over-all 
height of the cell loO ino A set~screw in the siqe of the lid 
holds :t t. firmly in posi tiono The hole in the center of the lid 
is tapered and of sufficient diameter to prevent significant 
interaction of effusing vapor with the lidQ In addition to 
serving as a clamp for securing the orifice plate (C), the lid 
increases the mass surrounding the orifice (E), thus helping to 
prevent the relatively thin orifice plate from becoming 11 co).dH 
with respect to the remainder of the cello 
When the lid is in placej the orifice plate (Q) is pressed 
tightly against it by the spacer ring (D)o The thickness of the 
plates, and consequently the length of the orifices 9 vary from 
000123 ino to 0~0504 ino; all orifices have 000630-inq diameterso 
21 
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SCALE: 1 l/2n ... llfl 
Figure 7o Knudsen Effusion Cell 
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The heights of the spacer rings for the various cells vary also; 
the height of any given ring is just that necessary to keep the 
orifice plate pressed firmly against the lido 
The theoretical values of the transmission probabilities 
used in this research were obtained by interpolation of values 
computed by Heydman (14) from Clausing's angular distribution 
equations (5,lO)o These values and those calculated by 
Demarcus (7), by Edwards (8) and by Iczkowski, Margrave and 
Robinson (15) differ by less than OQ1% within the range of L/D 
values studiedo 
Table I lists the orifice dimensions and corresponding 
theoretical transmission probabilities for all the ceils used; 
~ is the orifice diameter,~ is the length of the orifice, and 
Wis the transmission probabilityo The diameters of the ori-
fices were measured to the nearest 000001 in~ with a traveling 
microscope (serial number 28327) manufactured by David Wo Mann 
Precision Instruments, Lincoln, :Massachusetts~ A Brown and 
Sharp type 13RS micrometer was used to determine the Orifice 
lengths to the nearest 0.0001 ino These measurements result in 
a maximum error in L/D ranging f~om Oo36% for L/D = Oo8000 to 
Oo97% for L/D = OQ1952o This in turn causes a maximum possible 
error of Ool6% in the values of the transmission probabilitieso 
Changes in the orifice dimensions with temperature need not 
be considered in this experimento For a given change of temper? 
ature, the fractional changes in both the length and the dia-
meter are identical; consequently~ 1/D is independent of the 
temperature'? 
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TABLE I 
EFFUSION CELL CONSTANTS 
Cell L ~ il1;_o) LLD!_ w 
A 0.0123'!0.0001 0 .. 1952 008374:!:"o.0013 
p OoOl83!0.000l 0.2905 0.7767:!o.0011 
B 0.0194:to.0001 0.3079 0.7666:!o.0012 
u 0.0261:0.0001 o.4143 0.7109:0.0010 
I 0.0282:to.oooi Oo4476 0.6953:!;'o.0011 
E ' 0.,0328±0.,0001 0.5206 0.6635±0.0010 
M 0.0329!0.0001 0 .. 5222 0.6628:000010 
s 0.0342:tooOOOl 0.5429 o.6544:!:0.0010 
N 0 .. 0385:to.0001 0.6111 0 .. 6284±0.0010 
F 0.0420!0.0001 0.6667 0.6087±0.0009 
X 0.0504!0.0001 0.8000 o.5669!"0.0009 
a. D = 0.0630±0 .. 0001 in. for all cells. 
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The Helium Inlet Assembly 
the purpose of introducing helium into the system is 
threefold: (1) to prevent effusion of the sample while heating 
the Knudsen cells to the des:i,red operating temperature, (2) to 
insure thermal equilibrium (and to facilitate its attainment) 
in the vacuum chamber before effusion begins; (3) to stop ef-
fusion from the Knudsen 9ells at the termination of the heating 
periodo 
Initially the helium inlet ass$mbly.cons:i,sted of a tank 
supplying Matheson research grade helium through~ cold trap 
into the "tee"; an open .... end mercury manometer, used to indicate 
near-atmospheric pressuresj was connected to the helium line at 
the cold trap, 
The first modification of this assembly was the addition of 
a "pressure regulator'' in which the helium is forced to bubble 
through a column of mercury in escaping to the atmosphere~ 
The height of the mercury column is such that the maximum presF 
sure attainable in any part of the system open to the regulator 
is about 35 Torr above atmospheric pressure~ The primary func-
tion of the regulator is to allow a slight positive pressure of 
he1ium to be maintained in the vacuum chamber while the effusion 
cells are cooling after the completion of a runo The regulator 
also serves to prevent an excessive helium pressure in the cham= 
ber when the cells are being brought to temperature in prepara-
tion for a runo This modification was made in an attempt to 
solve the problem of sample.oxidation~ whi,ch is discussed in 
Chapter lII, Q ... ring seals were being used on the champer at 
the timeo Prior to the introduction of the regulator, it was 
thought that excessively high pressures within the chamber at 
temperature might have been distorting the o~ringo As the 
chamber cooled, this distortion could have allowed seepage of 
air into the system with subsequent oxidation of the warm 
sampleo Use of the pressure regulator did decrease sample 
oxidation 1 but only slightly; the problem persistedo However~ 
because of its convenience~ the reguJ.,ator remained a part of the 
assembly. 
Another possible source of the contaminating oxygen in 
the vacuum chamber was the helium, despite its extremely high 
purity specificationso To eliminate contamination from this 
source, a 16•-dno long column of c,admium turnings was packed 
into a ''Pyrex" tube which could be heating to 2600c in a tube 
furnaceo It was introduced .into the helium line upstream 
from the cold trap and, manometero Thisj too, failed to eli-
minate the oxidation; nevertheless, use of the hot cadmium 
turnings was continued as a worth?while preoautiono 
Also installed was a "flow rate indicator" which serves 
additionally as a convenient outlet to the atmosphere when the 
helium line is being flushedo To get an indication of its flow 
rate, the escaping gas is bubbled through used Octoil pump fluido 
A schematic illustration of the entire helium inlet assem-
bly as it ultimately existed is shown in Figure 80 
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Cadmium Turnings Manometer 
~------Helium Tank 
Tube Furnace 
Cold Trap~~~~-' 
To~-----=========:f'x',,~=======-:-:========:'..l 
"Tee" 
Flow Rate Indicator~---11,~. 
Regulator 
Figure 8q Helium Inlet Assembly 
Temperature Control and Mea$urement 
During a run, the vacuum chamber and effusion cells are 
enclosed by a circulating-air, constant-temperature oveno 
This is a model OV-490 Stabil-Therm oven produced by Blue M 
Electric Company, Blue Island, IllinoisQ As was mentioned 
earlier, the vacuum chamber is introduced into the center of 
the oven through a slot cut in the door; the slot fits around· 
the stainless steel arm attached to the chambero An asbestos 
plug then covers the portion of the slot not occupied by the 
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The temperature of the vacuum chamber, and consequently 
the approximate temperature of the cells, is indicated by a 
Fisher merc'\lrY the;rmc;,meter (Noo 14-985) which is introduc~d 
into the oven through a hole provided in the tope This temper-
ature measurement is sufficient since it is not required that 
the temperature pe accurately ~nown ........... only that the cells be 
kept at a uniform and fairly constant temperatures Had the 
study of the effects of source pressure on the transmission 
probability been made, it would have been necessary to know 
the temperature of the cells more exactlyo This would necessiF 
tate the insertion of one or more thermocouples in the wells 
provided in the cell holdero 
CHAPTER III 
EXPERIMENTAL 
Only the first of the three problems mentioned in Chapter 
I, that of the agreement between theoretical and experimental 
transmission probabilities for cylindrical orifices, was stud~ 
ied in this researcho The m~jor difficulty encountered was 
oxidat;i.on of the oadm;i.um samples during the heating period; 
the persistence of this problem prevented further progress in 
this work'! When silicone•rubber and "Teflonn 0-rings were 
employed in the demountable seal, the oxidation was usually 
quite extensive, Conversiop to the metal~to-metal seal de-
creased the extent of the oxidation to a very slight discol-
oration on the cadmium surface; howeverj it rerrlp.ined too great 
to be considered insignificanto 
That the yellow coating on the surface was CdO was verified 
by x-ray diffractiono For this analysis, a 114.59 mmo diameter 
Philips Debye Scherrer Type 52056-B Powder Camera was used in 
conjunction with a copper x-ray source and a nickel filter. 
Experimental Procedure 
The procedure followed in all the runs for which the data 
are evaluated in this thesis was as followse 
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(1) rhe effusion cells were cleaned by washing them first 
in 4M acetic acid to dissolve any CdO, then in dis-
tilled water, and finally in reagent grade acetone, 
When the cadmium samples were used more than once, 
they, too, were cleaned the same way~ 
(2) After being dried at about 50°c for approximately ten 
minutes, the cells were charged with sample, which 
consisted of small chunks of cadmium; eight to ten 
chunks were used in each cello The cadmium used as 
the evaporant was supplied by Ao Do rv;fackay, Inco 11 and 
had a stated purity of 99095 percento 
(3) After cooling in a desiccator, the charged cells were 
weighed to :0.02 mg on a Model SM 10/100 g. Sartorius~ 
Werke semi~micro balance~ 
(4) When the Hall seal was used, the aluminum cell holder 
with the charged cells in place was then positioned on 
the bottom plate of the vacuum chamber and the seal was 
made; with the 0-ring seal~ the aluminum block itself 
served as the bot tom of the chamber as described.· in 
Chapter IIo 
(5) The vacuum chamber was evacuated to 10-5 Torr or lesso 
At this pressure the pumps were turned off and highly 
purified helium was introduced into the chamber in which 
a slight positive pressure of about 35 Torr was main-
tained by the "pressure regulatori 11 mentioned in Chapter 
IIo 
(6) The vacuum chamber was next introduced into the con-
stant-temperature oven, and the effusion cells were 
brought to the desired temperature under the helium 
atmosphere., 
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(7) After thermal equilibrium was attained in the chamber, 
the pumps were turned on to evacuate the system. The 
lengths of the runs varied ; when 0-rings were used in 
the bakeable seal j effusion usually lasted between 
three and four hours, but with the metal-to-metal seal 
it was usually necessary to permit effusion for about 
six hours to obtain comparable weight losseso The 
author does not fully understand this peculiar behavioro 
It may be caused by some phenomenon associated with the 
oxidation of the cadmiumo 
(8) To stop the effusion, the pumps were turned off and 
helium was again introduced until a positive pressure 
of 35 Torr existed in the chambero 
(9) The oven was removed and the cells were allowed to cool 
under the helium atmosphereo 
(10) After the cells had cooled? the chamber was evacuated 
with the mechanical pump to permit the effusion of 
helium from inside the cells. This procedure prevent-
ed drift? caused by loss of residual helium from the 
cell, during their subsequent weighingo 
(11) At this point, the pump was turned off, the system 
opened to the atmosphere, and the cells removed and 
placed in the desiccatoro 
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(12) The cells were weighed again and the respective weight 
losses were calculated. These weight losses usually 
ranged from twenty to forty milligrams, but occasional-
ly were as high as seventy milligramso That none of 
this weight loss was attributable to any change in 
weight of the cell itself was previously established 
by repeated heating of the empty cell to 270°c, the 
cell weight after each heating cycle remained constant 
to within Oo02 mgo 
Performance of the Apparatus 
The Oveno All the runs were made at a temperatv.re be-
tween 250° and 255°c., In this range~ the temperature of the 
ciroulatipg ... air oven was maintained constant to ±2°co 
The Vacuum Systemo The pres$ures attained in the vacuum 
system were quite adequate, the performance of the system with 
each of the three types of demountable seals used on the cham-
ber will be discussed in turn9 
(1) The system with a silicone~rubber 0-ring~ 
a., At roo~ tem£erat~re the chamber pressure could be 
reduced from atmospheri.c pressure to 5 x 10-5 Torr 
in fifteen minutes and would ultimately reach about 
1 x 10-5 Torr after an hour of pumping., 
b~ :J2uring .! m~ after thermal equilibrium was estab ... 
lished and the pumps were turned on~ the pressure 
would drop from 800 Torr to 5 x 10-5 Torr within 
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thirty minutes, and would be apout 2 x 10-5 Torr at 
the completion of the run,, 
(2) The system with a "Teflon" 0-ring: 
ao !1 room tem12.erature the chamber was evacuated to 
J. x 10-5 Torr within twenty minutes} and ultimately 
pumped down to about 5 x 10-6 Torr in several hours,, 
bo During~ J:lli'.l, after thermal equilibrium was estab= 
lished, the pressure remained rather high initially 9 
but then dropped rapidly to 5 x 10-5 Torr within 
thirty minutes after the pumps were turned ono At 
the termination of the run, the chamber pressure was 
less than 7 x 10~6 Torr,, 
The major difficµlty encountered with the "Teflon" 0-
rings seemed to be their tendency to leak as the seal 
cooled after the oven was removedo 
(3) The system with the Hall Seal: 
ao At room temperature the pressures attained were 
comparable to those attained with "Teflon'' 0-rings, 
ultimately? the pressure would decrease to about 
7 x 10""6 Torr, but a longer pumping time was usually 
required to achieve this pressure with the ,Hall ;:;eal 
t;han with the VITeflon" O=ringso 
bo During~ !ld-l! 9 after thermal equilibrium was estab= 
lished and the pumps were turned on~ the pressure 
dropped to 5 x 10=5 Torr within fifteen minutes and 
to 1 x 10-5 Torr within an hour, finally reaching 
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5 x 10-6 Torr and lower at the end of the runo 
The best performance of the vacuum system at the tem~ 
perature of the runs was obtained with the Hall seal; 
this might be expe.cted since the expansion of the 
copper gasket at elevated temperatures would tend to 
give a tighter sealo 
Results 
The data. analyzed subsequently are from seven "acceptable" 
runs: two runs with a silicone-rubber 0-ring (runs 1 and 2); 
one with a "Teflon" 0.-ring (run 3); and four with the Hall seal 
and oopper gasket (runs 4, 5, 6 and 7)o A run was considered 
acceptable if (l.) the experimental procedure followed was that 
given e~rlier ~n this chapter, (2) the apparatus performed 
satisfactorily, (3) sample oxidation was comparatively slight 
f.Q.;£. the~ 2f. seal ~se__g, and (4) sufficiently high weight 
losses resultedo 
Of the three runs in whioh 0-rings were used, runs 1 and 
2 yielded the best datao The results of run 3 are the poorest 
of the seven runso The most consistent data were obtained from 
the four runs employing the Hall sealo 
The data are presented according to the alternate treatment 
discussed in Chapter I~ ioeo~ the weight loss~ g1 , is plotted 
versus the theor~tical transmission probability? Wi(th)' and 
extrapolated to w1 (th) ·- 1. The least squares straight line is 
assumed to be the 11 best 11 line through the pointso 
Data for three of the runs are represented graphically in 
Figures 9, 10 ~nd 11 to illustrate the scatter of experimental 
points about the least squares line; the first two represent 
the smallest scatter obtained, while that shown in Figure 11 is 
the greatestj> 
The weight lossesj gi, for the seven runs are given in 
Table IIo Included in the Table with each set of weight losses 
are the slope, m, and the interceptj b, of the least squares 
line of the form 
gi = mwi(t~) + b? 
and (g1) 0 , the "extrapolated" va],ue at W:1,.(th) = 1 (actually 11 
(gi)o is calculated as the algebraic sum of~ and ~)o 
These data were used to calculate the experimental trans~ 
mission probabilities in two different ways: (1) the ordinate 
value of each experimental point was divided by (gi) 0 --- Equa~ 
tion (11) of Chapter I; (2) the corresponding ordinate values 
on the least squares line were divided by (gi) 0 o In Table III~ 
the transmission probabilities calculated in the two ways from 
the data of run 7 are compared to the theoretical transmission 
probabilities~ In the table, WP and w1s are the experimental 
transmission probabilities calculated from the exper+ment.al 
points and from the least squares line respectivelyo The fifth 
and seventh columns of the table give the percentage deviation 
of each of the two experimental quantities from the theoretical 
transmission probability of each orificeo The agreement between 
theory and experiment in run 7 is about average for the seven 
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TABLE II 
WEIGHT LOSSES AND LEAST SQUARES DATA 
Run 1 
Cell gi (mg) Cell gi (mg) Cell gi (mg) Cell gi (mg) 
~ 
-B 22<183 F 19.43 M 21 .09 p 25o5l 
E 20.17 I 23.01:t- N 20.93 s 20.73 
m;:;;+Q.02877~ b:;;+0.00209? (gi \:..+0.03086 
Run 2 
Cell gi (mg) Cell gi (mg) Gel+ gi (mg) Cell gi (mg) 
~ 
' ' 
...........-
-
B 30.14 F 22072 M 26.08 l' 30. 56 
E 26 .. 91 I 27P39 N 24. 57 s 25~74 
m=i+0.04251~ bii;:-Q.0022~, (gi) ::::+0.04028 
' 0 
Run~ 
Cell gi (mg) Cell gi (mg) Qell gi (mg) Cell gi (mg) 
- -B 28.08 F 18.48 M 20.49 p 24.49 
E 19.76 I 22.80 N 21.08 s ;21.68 
m=+o.04409~ bi:::-0.00796, (g1 )0 :::+0~03613 
Run 4 
Cell gi (mg) Cell gi (mg) Cell gi(rog) Cell gi (mg) 
~-
' 
.,......__ 
A 30 .. 44 F 21.12 M 24.11 u 25026 
E 23.72 I 24 .. 18 p cell not X 20022 
U(:led 
m=+O. 03815 ~ b=,..0.00171, ( g . ) :=+O o O 3 644 1 0 · 
Cell gi (mg) 
_,,_ 
A 29075 
E 25q91 
Cell gi (mg) 
A 69006 
E 55 .. 90 
Cell g, (mg) 
l 
~ 
A 42og6 
E 330 3 
TABLE II (Qontin~ed) 
Cell 
F 
I 
gi(rng) 
*!,,..,.... .,.-m;, 
21.,39 
24.18 
Cell gi (mg) 
F 47.71 
I 56060 
Cell gi(mg) 
~ 
F 28.85 
I 32,94 
Run 2 
Cell gi (mg) 
~ 
M 22 .. 97 
P 25 ol9 
Run Ei 
Cell g1 (mg) 
~ 
M 55'.28 
P 6lo90 
Run.z 
Cell. gi (mg) 
--M 3lc91 
p 
~8016 
Cell 
u 
X 
gi (mg) 
25084 
18072 
Cell g1 (mg) 
---u 55'176 
X 46~15 
Cell gi (mg) 
..,......,..-
u 35.62 
X 28055 
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Cell 
-
A 
p 
u 
I 
E 
M 
F 
X 
TABLE III 
COMPARISON OF EXPERIJ\1ENTAL ANO THEORETICAL 
TRANS:MISSJON PRO~ABILilIES: RUN 7 
w ... w wls'"'wth p .. thxlOO L/D wth w wls 
.· .. xlOO 
wth wth 
-, 
p 
0.195 0.837 008429 +Oq7 0,8305 'i"'Oo8 
0~290 00777 0117593 -2.,3 0,7672 ... 103 
Oo414 0,711 0.7088 .... 0.3 o,6986 .,.lo8 
9.448 o,695 o.6555 ... 6.0 0.6824 -rl"8 
Oo52l o.664 o.6732 .+194 006492 -2o2 
0.522 o.663 0.6350 
-4"4 o.6485 -2o2 
o.667 0.609 0~5741 -6ol 0"5921 ... 2l>9 
0.800 o.567 o.5681 +0.2 0, 5485 -3p4 
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runs, it is, however, poorer than average for the four runs with 
the Hall seal. The results of this run are presented here to 
give the reader some quantitative feeling for the agreement be~ 
tween experimental and theoretical values in individual runs, 
Because of the scatter of points about the least squares 
line and the internal inconsistency in the results obtained for 
the individual runs, the author feels that averaging the trans~ 
mission probabilities calculated for each orifice gives more 
reliable values than those obtained from any single~ arbitrarily 
chosen runo These "average" transmissi,on probabilities have 
been calculated~ and the results are s~mmarized in Table IVo 
Columns four through ten of this table give the transmission 
probabilities calculated from the individual runso It will be 
noticed that two values are given for each o~ifice: the first 
of these values is the transmission probability calculated from 
the experimental points (comparable to~ in Table III), and the 
second is the value calculated .from the least squares line 
(comparable to~ in Table III)o In Table IV, w13 is the aver-
age of the transmission probabilities 9a~culated for runs 1~ 2 
and 3; W4z is the average of the transmission probabilities cal~ 
culated for runs 4 through 7; and w17 is the average of the 
values for all seven runs~ In columns twelve, fourteen and six-
teen, these ttaverage" experimental transmiss;ion probabilities 
are compared to the theoretical value for each orificeo 
Information similiar to that summarized in Table IV is also 
presented in Table V; the latter covers L/D values ranging 9 in 
TABLE IV 
EXPERIMENTAL TRANSMISSION PROBABILITIES FOR ELEVEN CYLINDRICAL ORIFICES 
w (e~rimental) 
Silicone-Rubber "Teflon" 
W1_rWtJltl W4r"th W1'1'"'Wth 0-Ri~ 0-Riag Hall Seal 
Cell L/D wth Run 1 Run 2 Run 3 Ru..'l 4 Run 5 Run 6 Run 7 "13 W 00 W47 -i,r.-xlOO wl7 -r.-xlOO th . th th 
-- - ==== ===== ·==== ===== ===== ===== ===== ==- = -= A 0,195 0,837 
- -- --
0,8354a 0,8512 0,8530 0,8429 
- --
0,846 +1.1 
o.8mb 0,8392 0.8378 o.8305 
- -
0.834 -0,4 
p 0.290 0,777 0,826~ 0,7587 o.6779 0.7207 0,7546 0.7593 0.754 -3.0 0,745C -4.1 d -3.5 
-
0,750d 
0,7918b 0,7643 0,7275 
--
o. 7791 0,7772 0,7672 0.761 -2.l 0,775c -0.3 0,768 -1.2 
B 0.308 0.767 0,73~ 0,7483 0.7773 
- - -- -
0,755 -1.6 
o. 7824b o. 7537 0,7151 
- - - --
0.750 -2.2 
u 0,414 O.T...l 
- - -
o.693~ o. 7393 o.6888 0,7088 
- -
0,708 -o.,. 
0,6973 0,7141 0,711.6 o.6986 
- -
0.706 -0.7 
I 0.448 0,695 0,7465~ o.6780 0.6311 0,6636 o.6918 0.6991 o.6555 o.685 -1,4 o.678 -2.4 0.681 -2.0 
0.7160 o.6784 o.6281 0.6810 o.6986 o.6960 0.6824 o.674 -3.0 0.690 -0.7 o.683 -1.7 
E 0.521 0.664 o.6535~ o.6681 0,5470 0.6510 0,741.3 o.6905 o.6732 o.623 -6.2 o.689 +3,8 o.661 -0.5 
o.6863 0.6449 0,5893 0,6477 0,6672 o.6643 0,6492 0.640 -3.6 o.657 -1.1 0.650 -2.l 
M 0,522 0.663 o.683~ 0,6475 0,5672 0,6617 o.6572 0,6828 0.6350 o.633 -4,5 0,659 -0.6 0.648 -2.3 
o.6857 0,6441 0.5884 0.6469 o.6665 o.6636 o.6485 o.639 -3.6 o.656 -lJ 0,649 -2.1 
s 0,543 0,654 o.6716~ o.6390 0.6001 
- - -- --
o.637 -2.7 
o.6778 o.6353 0,5782 
-- - -- --
0.630 -3.7 
N o.611 0.62B c.678~ 0.6100 0.5835 
-- - - -
0.624 -0.6 
o.6535 0.6078 0.5465 
- -- - --
o.603 -4,0 
F o.667 o.609 o.6295~ 0.5641 0.5115 0,5796 0.6120 0.5893 0,5741 0.568 -6.7 0.589 -3,3 0,580 -4,8 
o.6352 0,5870 0,5224 0.5903 o.6130 o.6o96 0,5921 0.582 -4,4 0.601 -1.3 0.593 -2.6 
X 0.800 0.567 
-- - --
C,554~ 0,5356 0,5701 0.5681 
-- -
0,557 -1.8 
0,5465 0.5716 0.5679 0,5485 
- -
0,559 -1,4 
a. The upper number of each pair is the valus obtained from the experil!lental points. 
b, The lower number of each pair is the value obtained from the least squares line. 
c, This value is the average of three numbers instead.of four. 
d. This val'.lfl is the average of six numbers instead Qf seven, 
+ I\) 
L/D 
--0.100 
0.200 
0.300 
0.400 
0.500 
o.6oo 
0.700 
o.soo 
0,900 
1.000 
TABLE V 
EXPERIMENTAL TRANSMISSION PROBABILITIES FOR L/D VALUES RANGING FROM OolOO TO 1.000 
W(e~rL'llental} 
Silicone Rubber "Teflon" 
W13-W~OO W47-Wt!:..tloo W17-Wth 0-RiBi 0-Ring Hall Seal 
---tlOO 
wth Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Wl3 wth W47 wth W17 wth 
-- -- -- -- -- -- --0,909 0.9154 0.9042 0,8892 0.9049 0,9102 0.9094 0.9053 0.903 -0.6 0.',08 -0,1 0.906 -0.3 
o.8.34 0.2454 0,8249 0,7975 0.226.3 0.8359 o.8.345 0.8271 0.823 -1 • .3 0.831 -0,4 o.827 -0.8 
0.771 0,7867 0,7585 0,7207 0.7604 0.77.37 0.7718 0,7615 0.755 -2.1 0.767 -0,5 0.762 .-1.2 
0.718 0.7369 0,7022 0,6556 0.7045 o.7209 0.7185 0.7058 o.698 -2.8 0.712 -0.8 0.706 -1.7 
o.672 o.6953 o.65.39 0,5998 o.6567 o.6757 o.6729 0.6582 0.650 -.3 ,.3 0,666 -0,9 o.659 -1.9 
0.6.32 0,6573 0.6120 0,5513 0.6151 0,6361, o.6333 0,6168 o.607 -4,0 0,625 -1,1 0.618 -2.2 
0,598 0.6249 0,5753 0.5089 0,5787 o.6o20 0,5986 0.5805 0,570 -4,7 0,590 -1.3 0,581 -2.s 
o.567 0,5963 0,5429 0,4714 0,5465 0.5716 0.5679 0.5485 0.537 -5.3 0.559 -1.4 0.550 -3.0 
0,539 0.5706 0.5139 0.4378 0.5177 0,5444 0,5405 G.5198 0.507 -5,9 0,531 -1,5 0.521 -3.3 
0.515 0,5476 0,'.878 G,.4,077 0.4919 0,5200 0.5159 0,4941 0.481 -6.6 0,506 -1,7 0.495 -3.9 
+ 
l,0 
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even intervals, from Ool to loO. The experimental transmission 
probabilities given ftir each run are calculated from the least 
squares line. 
Discussion 
As was pointed out earlier in this chapter, the non-repro-
ducibility of the data from one run to the next prevents one 
from placing much confidence in the results of any single run:; 
consequentlyj the transmission probabilities were averaged as 
shown in Tables IV and V. It is felt that these average values 
are the best that can be calculated from the scattered experi-
mental points obtained in the individual runs. 
The question arises as to which of ·the two experimental 
transmission probabilities calculated for each orifice is the 
more accurate, WP from the experimental points or w1s from the 
least squares line. The following considerations cause the 
author to conclude that w1s represents the better valueo It is 
believed that the greatest, single contributing factor to the 
scatter of the experimental points is oxidation of the cadmium 
samples. If this is so and if the oxidation were eliminated, 
one would expect the points to fall very nearly on a straight 
line (the experimental error 1 excluding oxidation effects, is 
estimated to be less than 0.2%)0 Since the experimental points 
of these seven runs do not fall on straight lines, as would be 
expected of good data, the transmission probabilities calculated 
from the "best" straight line drawn through the points should be 
4-5 
more accurate than those caloulated from the individual points 
themselves. 
The a~thor gives more credence to the results of the four 
runs using the H~ll seal than to the results of the first three 
runs. Very little cadmium oxide was visible on the sample sur-
faces after runs 4-j 5j 6 and 7 -- much less than after the 
other runs. It will be noted, too 9 (Tables IV and V) that the 
individual transmission probabilities calculated from the least 
squares lines for the last four runs show greater consistency 
than the corresponding transmission probabilities obtained from 
runs 1 9 2 and 3. For these reasons, the author feels that W47 
and w17, but not w13 , are the experimental values which should 
be considered~ W17, because it is the average resulting from 
all the acceptable runs, W47 9 because of the greatly reduced 
sample oxidation and more consistent data in runs 4 and 7. How-
ever, if it were necessary to choose between the two, this au-
thor would favor, slightly, W47, thereby disregarding completely 
the less reliable data of runs 1? 2 and 3Q 
The lack of reproducible data in this research makes it 
difficult to arrive at any definite conclusions concerning the 
validity of Clausing 1 s theoryo The data presented here indi-
cate that Clausing's predictions agree with experiment to within 
two percent (if w'47 calculated from the least squares line is 
accepted as the most accurate value) for L/D values up to loOo 
This most certainly is not a refutation of the Clausing Theory~ 
neither is it sufficiept confirmation~ 
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The result$ of this work, inconclusive as they may be, are 
promising enough to warrant further study of this and associated 
problems by the multicell approacho But first, certain modifi-
cations of the v~cuum system should be made; a number of such 
modifications are discussed in the next chaptero If the prob-
lem of sample surface contamination i~ eliminated, the multi-
cell technique should give good data on transmission prob-
abilities. 
CHAPTER IV 
SUGGESTED MODIFICATIONS 
It is apparent from the preceding discussion that the re-
sults from this experiment lack sufficient consistencyo These 
results, though encouraging~ indicate that redesign of the ap-
paratus is in order~ This chapter is devoted to modifications 
of the present design which this author feels would eliminate 
some of the existing problems and improve the over-all perform~ 
ance of the systemo 
It il:l not intended that these suggestions should comprise 
a detailed description of a refined vacuum systemo Certainly 9 
a more careful consideratio.p. of the specific dimensions and 
the details of the design would be necessary before these sug-
gestions could be put into practiceo 
The Effusion Chamber and ''Tee" 
It appears from all indications that the major source of 
trouble in the present experiment is sample c,xidation; it is 
believed that the contaminating oxygen enters the system at 
operating temperatures primarily~ if not solely, through the 
demountable seal on the chamber,, Keeping all seals outside the 
oven should elimlnate this problem" The author feels that this 
is the single most important change to be made; it could be con-
47 
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veniently accomplished with a design similar to tqat ill~s-
trated in Figure 12. The cells could be heated to much higher 
temperatures if desired; consequently, a higher temperature, 
ioeo, source pressure, range might be investigated, or another 
substance with a lower vapor pressure might be used as the 
evaporant., 
To obtain a greater pumping speedj the effusion chamber 
section and the horizontal arm of the "tee" could be made of 
six- or eight-inch inside diameter stainless steel pipeo A 
baffle, diffusion pump, and mechanical pump would complete the 
systemo This system would require a larger diffusion pump, 
say a eve type MCF~300. l~e end portion of the effusion cham~ 
ber section could have a flat bottom upon which the cell holder 
would rest; this will be discussed further in the next section. 
Nickel~plating both the inside and outside of the effusion 
chamber and "teeu would enhance their degassing characteristics 
and help to prevent corrosiono Use of the baffle would be 
optional; experience by others in this laboratory indicate suf-
ficiently improved performance of similar systems when the baffle 
is removed to warrant its omissiono 
A constant temperature oven similar to one described in 
Chapter II could be used, introduction of the effusion chamber 
into the oven could be accomplished through an appropriate 
hole cut in the oven dooro The neoprene o~ring seal between 
the "teett and the effusion chamber section should be protected 
by cooling coilso 
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Figure l2o Mqdified Vacuum System 
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A liquid nit~ogen trap could be introduced through the top 
.plate of the ''tee" if it is desired. Such a trap should prob..-
ably be used if the baffle is omitted; some precaution shoµld be 
taken to condense as much of the effusing material as possible 
before it reaches the diffusion pµmpo 
Freeman (11) has suggested that provision should be made 
for radiation shielding between the oells and the oven door. 
Of coursej this shielding must be removable to permit the in~ 
sertion and remov~l of the cell holdero An auxiliary heater 
of some type should be placed between the radiation shielding 
and the oven door to prevent heat loss from the chamber area 
by conduction dqwn the pipe; the heater could be automatically 
controlled by a differential thermocouple with one junction 
near the closed end of the chamber and the other junction in 
the vicinity of the radiation shielding. 
!he vacuum gauge sensing tubes could be installed at any 
convenient place on the horizontal arm of the "tee". Locating 
them there, rather than on the vertical arm, would provide 
better protection from contamination by any pump fluid vapor 
which might find its way past the baffleo It might be necessary 
to move tne high vacuum gauge tube to an ''ell "-shaped arm as 
described on page 12 to protect it from the effusing specieso 
Sufficient protection against this contamination might be 
achieved with a water~cooled plate in a position similar to 
that inqicated in Figure 12; such a plate could likely be de-
signed so that advantages gained by condensing the effusing 
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vapor would outw$igh the adverse effect on the pumping speedo 
The Cells and Cell Holder 
It is felt that no major modification of the effusion cells 
is necessary; however 9 several improvements could be madeo 
Edwards (9) has suggested that thermal contact between the 
cells and the cell holder could be improved if the outside of 
the cells were slightly tapered as shown in Figure 13-ao If the 
inside wall of the cell were tapered at the same angle as the 
outside, the resulting uniform wall thickness might effect bet-
ter thermal equilibrium inside the cello A thermocouple well 
in the bottom of each cell would permit an independent determi-
nation of each cell's temperature; this point will be discussed 
subsequentlyo 
It has also been suggested (9) that if a substance with low 
heat conductivity is to be used as the evaporant, precaution 
should be taken to minim:i,ze thermal gradients within the sampleo 
One way to do this would be to drill small holes in the bottom 
of the cell cavity as illustrated in Figure 13-b; when the cell 
was charged, there would be small "pillars" of the cell material 
protruding into the s.ample mass" 
The cell holder should be modified~ tooo This author feels 
that it should be fabricated of copper rather than aluminum be-
cause the thermal expansivity of copper is less than that of 
aluminum and its thermal conductivity is greater than that of 
alurninum. This change would result in improved thermal contact 
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Figure 130 Modified Knudsen Effusion Cells 
between the pells and the oell holder, and would reduce the 
possibility of thermal gradients in the holder~ 
53 
Another suggestion is to modify the cell holder to ac-
commodate more cells .. This could be done conveniently with a 
design similar to the one shown in Figure l4o The holder 
could have any convenient length 9 and the width of its top 
surface would be either six or eight inches, depending on the 
diameter of the effusion chambero A cell holder with six .... inch-
square top surface would accommodate sixteen loO-in. diameter 
cells; one with an eight~inch-square top surface could easily 
hold twenty ... five such cells. Having a greater number of ef-= 
fusion cells would afford several advantages: (1) more experi-
mental points to which to fit a curve would be obtained; (2) a 
greater range of L/D ratios could be covered adequately in each 
run; (3) a number of experimental points could be grouped at 
both ends of the range of 1/D ratios examined on a given run~ 
thus eliminating, somewhat~ the uncertainty associated with the 
experimental 11 end=points 11 11 
The author feels that it would be advantageous to have a 
thermocouple at each cell site if this could be accomplished 
without allowing thermal gradients to develop in the holder at 
operating temperatureso Monitoring the temperature of each 
cell individually would enable one to be more certain of the 
cell temperature than i.f the temperature of only the cell 
holder were measured; the temperature of the cells must be ac= 
curately known in an investigation of the dependency of the 
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transmission probability on souroe pressure9 Also, the anoma-
lous behavior of any cell might be explained if ~ts temperature, 
relative to the temperature of the other cells, were knowno At 
least two, preferably four, thermocouple wells should be pro-
vided in the body of the cell holder to test for thermal gradi-
ents in the holder itselfo 
Openings from the bottom of each cell well to the top sur-
face of the cell holder should be provided, as described on 
page 17j to facilitate removal of the cells from the holdero 
Figure 12 shows how the cell holder would fit into the 
effusion chambero Shallow slots in the flat bottom of the 
chamber would locate the holdep. The flat bottom would pro-
vide good thermal contact with the cell holder even if the dif-
ference in thermal expansion of the metals causes loss of con-
tact on the sideso 
Alternate Modifications 
There are a number of qther modifications which could be 
made in place of, or in addition to, those suggested in the 
preceding sections of this chaptero Several of these changes 
which the author feels should be considered are discussed in 
this section, 
One modification particularly worth considering is to 
provide valves in the vacuum system so that the diffusion pump 
can be kept in continuous 6perationj but can be isolated from 
the remainder of the system when so desiredo This valving ar-
rangement, patterned after that described by Heydman (14)j would 
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involve no change in the basic design of the apparatus sug-
gested in Figure 12'1 With this arrangement, illuqtrated sche-
matically in Figure 15, the system could be evacuated much more 
rapidly at the beginning of the effusion period; the present 
arrangement~ and that in Figure 12 5 requires appreciable time 
for the diffusion pump to "warm up" before it becomes ef-
fective</ 
Serious consideration should also be given to using an-
other substance as the evaporanto With the problem of ob-
taining a satisfactory demountable vacuum seal inside the oven 
eliminated, a sample which requires a higher operating temper= 
ature might be used. Also 1 another search should be made for 
a material which could be used at lower temperatures; mercury 
would appear to be quite satisfactory if it could be kept free 
of contamination, and if the vacuum gau~e sensing tubes and 0th.,,. 
er parts of the system could be sufficiently protected from the 
mercury vaporo 
Operating at a lower temperatv.re, as just suggested 9 would 
offer at least one important advantage: if the temperature were 
low enough to permit a copper-to-stainless steel joint to be 
made, the portion of the effusion chamber in contact with the 
cell holder could be made of copper; this should afford optimum 
thermal contact between the chamber walls and the copper cell 
holdero For that matter, the entire length of pipe which com-
prises the effusion chamber section could be made of copper if 
thermal conduction away from the chamber area could be ade-
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quately overcome with the auxiliary heater; the necessity of 
making a copper-to~stainless steel joint would thus be elimi-
nated. 
An alternate design of the modified effusion chamber is 
shown, without regard to detailj in Figure 16; the change here 
is the provision for a depress~on in which a cylindrical cell 
holder would rest with a tight fito The advantage of this de-
sign, as opposed to that in Figure 12~ is that the bottom and 
all sides of the holder are heated by conduction through the 
chamber walls; the more uniform heating might help to eliminate 
thermal gradients in the holder. This author believes~ however, 
that no thermal gradients of any consequence will develop in the 
cell holder with a ohamber designed as in Figure 12 if the hold-
er is constructed of copper. Also, the design in Figure 16 
would make it difficult to provide for all the thermocouples 
suggested earlier in this chaptero These two reasons and the 
greater ease with which the holder Iru;ly be introduced into a 
chamber of the former design influence the author to favorj 
slightly, that design. 
A cnange of comparatively minor importance, but one which 
might be helpful, would be to employ smaller effu~ion cells of 
the modified design suggested earliero This would allow the 
use of more cells in the cell holder or the reduction in size 
of the holder and effusion chamberj whichever was preferred. 
Also, another method of heating might be investigated. 
Perhaps some type of resistance heating of the effusion cham-
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ber would provide more prec:Lse temperature contr9l tha.n a 
"constant ... temperature" air batho 
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